Abstract-We propose an automatic wavelength control method using Rayleigh backscattering in a feeder fiber for tunable lasers employed in a wavelength-division multiplexing passive optical network. We demonstrate two realization methods, maximizing backscattered power and maximizing the second harmonic component with wavelength modulation. We analyze their limiting factors and impacts on the system performance. We use a VCSEL as a low-cost tunable light source.
I. INTRODUCTION
T he wavelength-division multiplexing passive optical network (WDM-PON) is considered to be a key technology to meet future bandwidth demands because it supports unlimited bandwidth, high security, and protocol transparency [1] . One of the most important issues for the WDM-PON is colorless or color-free optical sources that enable interchangeable and plug-and-playable optical network units. Various optical sources have been investigated in efforts to address this requirement. Among the proposed optical sources, a tunable laser has many advantages such as very high-speed and long-reach transmission [2] [3] [4] [5] . However, in order to implement a real plug-and-play feature with a tunable laser, the allocated wavelength (or channel wavelength) should be identified automatically. In addition, the allocated wavelength should be maintained regardless of environmental change. A wavelength detection algorithm was proposed with a wavelength assignment table [6] . However, an optical spectrum analyzer or a tunable filter is required to measure the wavelength. A wavelength stabilization method that uses a digital supermode distributed Bragg reflector was also proposed [7] . However, burst errors during wavelength tuning degrade the reliability of the system. An automatic wavelength control method based on maximization of the beating noise between a seed light from the central office and the tunable laser output was proposed [8] . However, it requires a broadband light source, which increases the system complexity and costs.
Recently, we reported automatic wavelength control methods based on the detection of backscattered light, which is inherently generated in the transmission fiber. We proposed two different realization methods [9, 10] . In this paper, we present details of the performance of the proposed methods. We also investigate their impact on the transmission performance. In Section II, we describe the wavelength allocation by using backscattered power monitoring. Wavelength allocation by wavelength modulation is discussed in Section III. A discussion of the work and our conclusion is provided in Section IV.
II. WAVELENGTH ALLOCATION BY POWER MONITORING

A. Operation Principle and Experiment
The proposed method is outlined in Fig. 1 . We only considered upstream signal transmission for simplicity. The output light from the tunable laser is transmitted through the feeder fiber. A portion of light is then backscattered by Rayleigh backscattering. The backscattered light is detected at the photodiode (PD) in the transmitter (Tx) after passing the arrayed wavelength grating (AWG) and the power splitter. In the path stated above, the light passes the AWG twice. The received power at the PD thus has wavelength dependency, which imitates the AWG transmission characteristics. Consequently, at the maximum received power, the wavelength of the tunable laser is matched to the channel wavelength (or the AWG peak transmission wavelength). The control circuit provides automatic control to tune the wavelength of the tunable laser by maximizing the received power.
The experimental setup to demonstrate the proposed WDM-PON is shown in Fig. 2(a) . In the experiment, a 10 km feeder fiber was used. 50 GHz (bandwidth 0.17 nm) Gaussian-type AWGs were placed at the remote node (RN) and the optical line terminal (OLT). The insertion losses of the AWG and the circulator were 3.2 and 1.3 dB, respectively. It should be noted that the circulator can be replaced by a power splitter for a low-cost implementation. The reflection ratio of the connector and circulator was less than −50 dB. The wavelength of the channel (i.e., the peak transmission wavelength of the AWG of the selected channel) was 1551.98 nm.
We employed a vertical-cavity surface-emitting laser (VCSEL) as a tunable light source. The characteristics of the VCSEL are shown in Fig. 2(b) . The squared line shows the measured L-I curve of the VCSEL, and the circled line denotes the tuning curve according to the driving current. As shown in Fig. 2(b) , the center wavelength was shifted to longer wavelength as the driving current increased. This tuning characteristic can be explained by a thermal effect. Because the active area of the VCSEL was heated by the driving current, the lasing wavelength shifted to the red side. We modulated the VCSEL with 2.5 Gb∕s throughout the experiment.
The output light from the tunable laser was transmitted through the feeder fiber. A portion of light was then backscattered due to Rayleigh backscattering. The backscattered light was received after passing the AWG and the circulator. We measured the received power while changing the wavelength of the VCSEL, as shown in Fig. 3 . As expected, the peak is placed on the channel wavelength. Thus, we can identify the wavelength to be tuned, and this wavelength can be maintained by using a control loop.
We built the control loop by using commercial equipment. As shown in Fig. 2 , we used a personal computer (PC), an optical power meter, and a power supply. Each device is connected to a general-purpose interface bus (GPIB) for data exchange and control. The control mechanism is as follows: when the laser was turned on, the control circuit scanned the entire wavelength with a coarse wavelength step to find the peak. After finding the peak, we moved the wavelength to the peak and started the second step (fine control). In the second step, the wavelength was locked to the identified channel wavelength.
We shifted the wavelength slightly and compared the current power to the previous power for each step. If the current power was higher than the previous level, we continued shifting the wavelength in the same direction. Otherwise, we changed the shifting direction to the opposite direction and shifted in this new direction. In this manner, we realized wavelength allocation and wavelength locking. The demonstration results are shown in Fig. 4 . The wavelength drift in the wavelength locking state was 0.015 nm. The tuning time was 1.5 s for each step. This is due to the communication between the PC, optical power meter, and power supply. This tuning time can be reduced by using a control circuit. In the experiment, the drop fiber was not incorporated for simplicity. However, backscattering in the drop fiber can degrade the tuning performance, as discussed in the next section.
B. Limiting Factors and Analysis
The wavelength tuning is based on the backscattered power in the feeder fiber. Any other received power will consequently act as noise power. One of the "unwanted" sources is the transmitted power from the OLT (downstream signal). It can be suppressed by the WDM filter because we assume different wavelengths for upstream and downstream transmission. Another source is the Rayleigh backscattering in the drop fiber.
To investigate these effects, we measured the received power while changing the wavelength of the VCSEL with 10 and 20 km of drop fiber, as shown in Fig. 5 . It should be noted that drop fiber of 20 km is sufficiently long when considering access applications. The Rayleigh backscattering coefficient can be approximated as [11] 
where L represents the length of the fiber. We introduce the peak-power to background-power ratio (PBR) (see Fig. 3 ). A higher PBR corresponds with a higher peak power with respect to the background power. Thus, it is easy to identify the peak during the wavelength scan. The PBR can be calculated as PBR dB 10 · log 1 Power from the feeder fiber Power from the drop fiber
where P output , R drop , and R feeder are the output power of the VCSEL and the Rayleigh backscattering coefficient in the drop fiber and the feeder fiber, respectively, in decibels. L AWG and L drop represent the insertion loss of the AWG and the attenuation by the drop fiber in decibels, respectively. In the experiment, the PBR was 13.2, 0.55, and 0.17 dB with 0, 10, and 20 km drop fiber, respectively.
The decreased PBR adversely affects the proposed method with respect to both peak search and wavelength locking. In the peak search, it is clear that the PBR should be higher than the power variation of the tunable laser during tuning to find the proper peak. As shown in Fig. 2 , the output power of the VCSEL varies by about 4 dB in the range of tuning, that is, 1549-1555 nm. Thus, the usable tuning range is limited by the PBR. As an example, in the case of 0.17 dB PBR with 20 km of drop fiber, the usable wavelength range is limited to 1.8 nm (1551.5-1553.3 nm).
To investigate the effect of the PBR on the wavelength locking, we measured the wavelength fluctuation after the wavelength was locked. We selected a wavelength of 1551.98 nm, which is in the usable wavelength range, with a 0.17 dB PBR. The wavelength fluctuation with drop fiber of 10 and 20 km (corresponding with a PBR of 0.55 and 0.17 dB) is shown in Fig. 6 . The mismatch was less than 0.03 nm at a 0.17 dB PBR. We measured the bit error rate (BER) as a function of the wavelength mismatch to investigate the power penalty induced by the latter. As shown in Fig. 7 , the power penalty with a mismatch of 0.03 nm was not serious. Thus, while the proper peak was identified by the peak search, the wavelength can be locked with a negligible penalty.
As discussed above, the proposed method using backscattered power monitoring can be useful when the proper peak can be identified. However, we need different methods for a tunable laser that has large power variation during tuning.
III. WAVELENGTH ALLOCATION USING WAVELENGTH MODULATION
Although the method of monitoring the backscattered power has the advantage of simplicity, its application is limited by unwanted reflection and/or power variation of the tunable laser. In this section, we propose a wavelength allocation method using wavelength modulation to overcome these limitations.
The experimental setup for the upstream transmission of the new proposed WDM-PON is illustrated in Fig. 8(a) . To modulate the wavelength of the VCSEL, we added a lowfrequency modulation current to the bias current using the function generator. While the wavelength modulated light passed though the AWG, the light was converted to intensity-modulated light. The frequency of the intensitymodulated light is two times the wavelength modulation frequency f when the lasing wavelength is matched to the center of the channel wavelength, as shown in Fig. 8(b) . The intensity modulated light was backscattered in the feeder fiber by Rayleigh backscattering.
We detected the backscattered light with a low speed PD to obtain an electrical signal output. The received 2f frequency component was measured using an electrical spectrum analyzer (ESA) with a GPIB. By maximizing the 2f frequency component, we can match the wavelength of the laser and the channel wavelength automatically.
It should be noted that the ESA can be replaced by a bandpass filter or a lock-in amplifier in implementation of the control circuit. Because the received power of the 2f component is not related to the backscattering in the drop fiber or the output power variation (when the modulation signal is sufficiently small), the method can be broadly applied.
To verify this, we selected the wavelength as 1550.0 nm, which falls in the middle of the linear region of the L-I curve with a maximum slope. We also used 20 km of drop fiber. In these conditions, the power monitoring method in Section II is not usable, as explained before. We modulated the VCSEL with 2.5 Gb∕s transmission data and a 30 kHz sinusoidal wavelength modulation signal, simultaneously. The wavelength modulation depth was 0.06 nm. We plot the measured spectral component at 2f (60 kHz, second harmonic of wavelength modulation frequency) as a function of the wavelength mismatch (λ Laser − λ AWG ).
As shown in Fig. 9 , the peaks are placed on the channel wavelength, and the shape of the normalized spectra remains with the length of the drop fiber.
The measured results of wavelength allocation and stabilization are shown in Fig. 10 . Once the wavelength was allocated, the wavelength was stabilized within 0.02 nm. By adding the drop fiber, we measured the mismatch and observed the same results, as shown in Fig. 11 . We also investigated the performance at different wavelengths (or channels) and observed similar results.
To investigate the transmission penalty, we measured the BER as a function of the wavelength mismatch, as shown in Fig. 12 . The power penalty due to 0.02 nm mismatch and wavelength modulation was 1 dB. This power penalty is higher than that of the power monitoring method.
The power penalty of 0.5 dB originates from intensity fluctuation due to conversion of wavelength modulation to intensity modulation after passing the AWG. However, it is noted that when the sensitivity of the low-frequency detector is improved, the wavelength modulation depth and the mismatch can be reduced to mitigate this power penalty.
The wavelength stabilities of the proposed methods as a function of environmental temperature were also investigated. We changed the environmental temperature in a range of 15°C and 55°C, the maximum tuning range of our temperature controller. In this temperature range, the resolution of the wavelength shift of the VCSEL was measured as 0.069 nm∕°C. In other words, the total wavelength of the VCSEL was shifted by 2.76 nm without the proposed method. However, as shown in Fig. 13 , the wavelength was maintained on the channel wavelength regardless of the operation temperature when the proposed methods were employed.
IV. DISCUSSION AND CONCLUSION
The use of a broader AWG passband degraded the wavelength match while it reduced the system penalty as seen in [9] for the power monitoring case. For the wavelength modulation case, the width of the wavelength modulation should be increased to have the same conversion rate from the wavelength to intensity modulation. However, the power penalty can be almost the same provided by a flat wavelength modulation efficiency of the tunable laser. When the data rate is increased, the penalty induced by wavelength mismatch is increased for a constant mismatch. These penalties can be reduced by improving the sensitivity of the 2f detection.
It may be noted that when the tuning range of the tunable laser is wider than the free spectral range of the AWG, we need an optical bandpass filter or control of the tuning signal to restrict the tuning range.
In conclusion, we proposed and analyzed an automatic wavelength allocation method for a WDM-PON with tunable lasers. The intrinsic Rayleigh backscattering in the transmission fiber was used to identify and to lock the wavelength of the tunable laser to the desired wavelength. The proposed method can be realized by two approaches, either by measuring the backscattering power or by measuring the 2f spectrum with a wavelength modulation at frequency f. We investigated the characteristics and limits of these two methods. The power penalty induced by the proposed method is negligible. Both methods can be useful for realizing a cost-effective WDM-PON regardless of the type of tunable laser. For a tunable laser that has a large output power change (e.g., the VCSEL used in our experiment) within the tuning range, the 2f detection method is preferable. 
